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Both the shells, viz., shell with recovery plug and that with fuze have the same calibre, i.e., 130 mm. The lengths of shell with recovery plug and shell with fuze are 625.2 mm and 674.8 mm, respectively. The mass of both types of shells is 33.4 kg. The recovery plug is of blunt truncated conical shape with higher dia 80 mm, lower dia 55 mm, and length 11 mm, whereas the fuze is of ogive shape with maximum dia 33 mm, minimum dia 14 mm and length 110 mm. The projectiles with dimensions are sketched in Figs 1 and Fig 2. K, 1.7894 x 10 -5 kg/m-s, and 1.4, respectively. The simulations were done for two different velocities for each type of shell. For the shell fitted with recovery plug, the velocities were 985.7 m/s and 1006.6 m/s while for the other, these were 996.1 m/s and 1003.1 m/s.
Simulation Results
The coefficient of drag found at zero yaw for velocities 1006.6 m/s, and 985.7 m/s in case of shell with recovery plug and for velocities 996.1 m/s, and 1003.1 m/s in case of shell with fuze are given in Table 1 .
Assumptions
The following assumptions were made for numerical simulation.
• The angle of attack and sideslip are zero.
•
The air is an ideal gas.
The flow is a steady flow.
Numerical Simulation
The numerical simulations were carried out using software package GAMBIT 2.2 and FLUENT 6.3. The projectile (shell with recovery plug/shell with fuze) was placed at zero angle of attack in a supersonic flow of air. Shell geometry and meshing were made with the help of GAMBIT 2.2. Quad element and map type meshing created for the shell with recovery plug and the shell with fuze are shown in Figs 3 and 4 respectively.
The boundary conditions specified were pressure farfield (top, left side and right side) and axis (bottom), due to axisymmetric shape of the projectile and supersonic nature of flow. The governing equations were solved using a finite volume implicit scheme, that is second-order accurate in space and time. The convective flux terms were discretised using Roe-Finite Difference Scheme (Roe-FDS). Algebraic Multigrid (AMG) method was used for convergence of the implicit density based solver. Shear-stress transport (SST) K-ω turbulence model was used and boundary condition was pressure far-field. The reference values were taken as per the dimensions of projectiles and properties of air. The air was assumed to be an ideal gas and the properties of air such as density, enthalpy, temperature, viscosity and ratio of specific heats were taken as 1.176674 kg/m³, 808504.9 J/kg, 300.0001 The shock wave pattern observed in case of shell with recovery plug is a detached bow shock wave and in case of shell with fuze, it is an attached oblique shock wave. The pressure contour, density contour, velocity contour and turbulence contour for velocity 1006.6 m/s in case of shell with recovery plug and for velocity 1003.1 m/s in case of shell with fuze are shown in the Figs 5 to 12.
high pressure at nose and low pressure at base of the projectile are observed from Fig. 5 . When supersonic air comes in contact with nose of the projectile, it gets a resistance from the nose and slows down, as a result velocity of air decreases and pressure increases (Bernoulli's equation). This high pressure causes fore-body drag at nose. Low (suction) pressure in wake at rear of the projectile causes base drag. This low pressure pulls the projectile rearwards as it moves forward. Both of these drags (fore-body drag and base drag) in combination are known as normal pressure drags. Due to the detached nature of shock wave C D has a high value of 0.6260 for velocity 1006.6 m/s. Figure 6 shows a lower pressure at nose and base of the projectile as compared to that having recovery plug, which reduces normal pressure drag. This is because of the ogive shape of the nose. Due to the attached nature of shock wave as shown in Fig. 6 , coefficient of drag found is 0.2306 for velocity 1003.1 m/s. high density (in the range of 4.27 kg/m³ -4.53 kg/m³) and low density (in the range of 0.143 kg/m³ -0.402 kg/m³) are observed ( Fig. 7 ) at nose and base of the projectile respectively. This produces forebody drag and base drag, which help in increasing coefficient of drag.
Low density at the nose and base (0.144 kg/m³ -0.463 kg/ m³) of the projectile are observed from Fig. 8 . These factors cause lesser drag as compared to shell with recovery plug.
From Fig. 9 it is noticed that the flow is locally subsonic in the range of 205 m/s -257 m/s at the nose and base of the projectile. This subsonic (M < 1) range of velocities is due to detached shock wave, as a result of which, high drag is produced. Figure 10 shows that the flow is supersonic (M > 1) at the nose and subsonic (158 m/s -210 m/s) at the side face near nose of the projectile. This is due to the formation of attached shock wave.
It is seen from the Fig. 11 that the flow is moderately turbulent at the nose, body, and base of the projectile. The velocity gradient at the surface is much higher for turbulent boundary layer than the laminar boundary layer. This makes it much more difficult to reverse the flow direction, i.e., separate the flow. Therefore turbulent boundary layer decreases base drag, but at the same time, turbulent boundary layer increases surface friction drag. In this case of moderately turbulent nature of flow, the rate of increase of base drag is higher than the rate of decrease of surface friction drag, so the net drag increases.
It is observed from the Fig. 12 that the flow is highly turbulent at the base of the projectile and less turbulent at the body surface. high turbulence at the base of the projectile produces small amount of base drag and low turbulence at the body surface produces small amount of surface friction drag. So, the net drag reduces.
The coefficient of drag at zero yaw (C Do ) was determined at various Mach numbers for both plug and fuze cases, the values are given in Table 2 and C Do versus Mach number graphs are plotted in Figs 13 and 14.
It is observed from Fig. 13 that the zero yaw drag coefficient (C Do ) for shell with recovery plug increases rapidly with increase Mach number from 0.7 to 1.53 and then decreases. The highest C Do found is 0.7369 at Mach number 1.53.
Similarly Fig. 14 shows that the zero yaw drag coefficient (C Do ) for shell with fuze increases rapidly with increase in Mach number from 0.7 to 1.06, and then decreases, but the decrease is quite sharp compared to the decrease for shell with recovery plug. The highest C Do found is 0.4483 at Mach number 1.06.
SIMULATION OF TRAJECTORY ELEMENTS
The C Do values derived using numerical simulations described in the previous sections were used as input parameters for modelling the trajectory elements. The simulated results were validated with the experimental results provided by tracking radar in dynamic firings.
Assumptions for Simulation of Trajectory Elements
The following assumptions were made for the simulation of trajectory elements • The only forces acting on the projectile are gravity force and drag force.
• The projectile is a point mass object.
•
The total yaw is small everywhere along the trajectory, so the lift and Magnus force are very small and are neglected.
The rotation of the earth is ignored.
The curvature of the earth is ignored.
The density of air is constant throughout the trajectory.
Mathematical Model
Trajectory is the path that a moving object follows through space as a function of time. A trajectory can be described mathematically either by the geometry of the path, or as the position of the object over time. If a point mass projectile is projected with some initial velocity under the influence of gravity and air resistance, the coordinate system is shown 1 in Fig. 15 .
In this coordinate system (Fig. 15) , gun muzzle is located at the origin. The X-axis is directed from the gun towards the target. The Y-axis is directed vertically upward, through the launch point. The Z-axis is directed to the right when looking downrange 1 . Considering gravity and drag to be the only forces acting on the projectile, and applying Newton's second law, the equations of motion along three coordinate axes 1 are as follows:
In these equations, drag force = (-) 1/2ρSC D V², scalar magnitude of velocity vector V = √ (V x ² + V y ² + V z ²) and acceleration due to gravity (g) = 9.8 m/s 2 . Considering tail wind (which, blowing from the gun towards the target is positive Wx, which blowing vertically upward is positive Wy and which blowing from left to right across the line of fire, is positive crosswind, Wz) the equations of motion become 1 :
{ } 
Solving Eqns (4), (5), and (7) numerically for simplified 2-D case in Runge Kutta (R-K) fourth order and using initial conditions as initial(muzzle) velocity = V 0, initial X-direction velocity V x =V 0 cos Ѳ, initial Y-direction velocity V y = V 0 sin Ѳ, initial coefficient of drag = C Do , initial X-distance(range) = 0, initial Y-distance(height) = 0, initial elevation = Ѳ 0 and initial time = 0, the elements of the trajectory as terminal V x , terminal V y , X-distance(range), Y-distance (height) and time of flight were found out.
Trajectory Simulation Results
Two cases of initial velocities 996.1 m/s and 1003.1 m/s were studied for the shell fitted with fuze. The C D values for these velocities are taken from previous simulation results. The other input parameters are the same for these two cases and the values are as follows:
(1) Mass of the projectile 33.4 kg 
TIME
The tracking radar recorded the velocities as well as the whole trajectory of the projectiles. From these recordings, the drag coefficient of the projectile was estimated.
Experimental Results
The C D values and trajectory elements derived from experimental firings at different velocities are given in Tables  4 and 5 .
VALIDATION OF SIMULATED RESULTS
A comparison of C D found from simulated and experimental results is given in Table 6 . The error found in case of shell with recovery plug is less than 5.5 per cent and the error found in case of shell with fuze is less than 26 per cent. The error found for shell with fuze is more as compared to shell with plug. This is because of the dimensions of the fuze which were used for simulation and experiment were different. The actual dimensions of the fuze, used at the time of experimental firing were not available. A comparison of trajectory elements found from simulated and experimental results are given in Table 7 .
The errors found in case of range and time of flight are less than 6.6 per cent and 0.7 per cent, respectively. 
EXPERIMENTAL STUDY
Experimental study was undertaken to validate the simulated result by conducting a test firing from 130 mm artillery gun. The sketch of the experimental set up is shown in Fig. 22 . A tracking radar was deployed behind the gun, to record the full trajectory of the shells. Two shells fitted with recovery plugs and two shells fitted with fuzes were fired. Shells with recovery plugs were fired at an elevation of 15º and shells with fuze were fired at an elevation of 7.5º. 
